garding neutrophils, the mRNA expression of hDEFAs and LL-37 increased slightly at 2 and 5 h after the contact with DENV-2. Conclusion: THP-1 cells and human neutrophils strongly respond to DENV by producing AMPs: hBD-1 and LL-37 for the THP-1 cells and hDEFAs and LL-37 for neutrophils. However, the direct effect of these molecules on DENV particles remains unclear.
Introduction
Dengue, caused by the dengue virus (DENV), represents an increasingly grave global health problem. Of the estimated 390 million infections every year, 50-100 million are symptomatic [1] . The innate immune response, including the production of interferons, complement, and antimicrobial peptides (AMPs), might be crucial to control the disease. However, the direct antimicrobial activity and the immunomodulatory role of these AMPs have not yet been established in cell types that are crucial for innate immune response in viral infections, such as monocytes and neutrophils.
AMPs are small polypeptides with low molecular weight and a broad spectrum of antimicrobial activity [2] . These peptides are produced by a large number of cells from different species all along the phylogenetic scale [3] . As part of the innate immune response, their antimicrobial activity targets bacteria (Gram-negative and Grampositive), fungi, and viruses. These evolutionarily conserved molecules are not only key defense elements of immunity, but also participate in other relevant activities such as immunomodulation, chemotaxis, induction of angiogenesis, and wound healing [2, 3] .
Cathelicidins and defensins are the two major families of AMPs in mammals. They contribute to the antimicrobial innate immune response by disrupting the cell membranes of pathogens [4] . Due to their cationic nature, defensins and cathelicidins interact with negatively charged phospholipids present in the lipid bilayers of different pathogens, including enveloped viruses [5, 6] .
Defensins are cationic peptides ranging from 18 to 45 amino acids (2-6 kDa) with β-sheet structures stabilized by disulfide bonds. Six α-defensins and 31 β-defensins are expressed in humans. The α-defensins (hDEFAs) are abundantly found in human neutrophil granules (HNP-1 to -4), although they are also present in Paneth cells (HD-5 and -6) [7] . A recent study reported that HNP-1 to -4 are expressed by monocytes/macrophages, immature dendritic cells, NK cells, B cells, and γδ-T cells after stimuli with cytokines [6] . HNP-1 to -3, HD-5, and HBD-3 are also lectins that bind to glycolipids and glycoproteins present on the pathogen cell surface [6] .
In contrast, β-defensins (hBDs) are produced in a wide variety of tissues, including the epithelium, skin, and mucosa [6, 8] , and participate in protection [9] . The production of hBD-1 occurs after the exposure of monocytes and plasmacytoid dendritic cells to lipopolysaccharide (LPS) [10] . In addition to their antimicrobial activity, α-and β-defensins can recruit monocytes, immature dendritic cells, and T cells to infection sites [11, 12] , as well as exhibit antiviral activity against enveloped and nonenveloped viruses [6, 13] .
Cathelicidins encompass about 30 of the found AMPs in mammals. One cathelicidin gene, denominated LL-37, is reportedly unique to humans [5] . LL-37 is found in neutrophil granules as a propeptide that is released only after processing by neutrophil elastase [14] . This cathelicidin is known to attract neutrophils, monocytes, mast cells, and T cells, modify the transcriptional response in macrophages, and participate in vascularization and reepithelialization [15] . During injury and inflammation, LL-37 is produced not only by neutrophils, but also by mast cells, lymphocytes, and keratinocytes [2] . Importantly, this AMP has recently been implicated in the defense against an influenza virus in a dose-dependentmanner [16] .
The aim of the present study was to examine the expression of AMPs in two cell types, macrophage-like THP-1 cells, and neutrophils that actively participate in the immune response to DENV. Clear evidence exists about the significant overproduction of hBD-1 in sera from humans infected with DENV [17] . However, both the essential cell types participating in this process of infection and the final effect of this defensin on virus infectivity remain unclear. Additionally, the inhibition of DENV infection in Aedes aegypti mosquitoes induced by the symbiont Wolbachia appears attributable to insect defensins [18] .
We herein assessed the expression hBD-1 and cathelicidin LL-37 in THP-1 monocytic cells, as well as the production of hDEFAs and LL-37 in human neutrophils in response to DENV-2. The expression of hBD-1 was determined at both mRNA and protein levels in human macrophage-like THP-1 cells after DENV infection, and increased expression of mRNA from 24 to 72 h and a significant amount of protein from 48 to 72 h were observed. THP-1 cells also increased mRNA expression and protein intracellular levels for LL-37 from 6 to 72 h. Meanwhile, in neutrophils the expression of mRNAs coding for hDEFAs and LL-37 increased significantly at 2 and 5 h in response to DENV-2.
Materials and Methods
Virus Propagation DENV strains were kindly donated to our lab by the Laboratory of Arbovirology at the 'Centro de Investigaciones Regionales Dr. Hideyo Noguchi' at the Universidad Autónoma de Yucatán in Mexico. Viruses were obtained with informed consent from patients, according to the protocol of the Bioethics Committee at that institution and the Ethics Commission of the Escuela Nacional de Ciencias Biológicas. The virus strains herein tested were: DENV-2 YUC17438 and DENV-2 YUC18500 (both from the American/ Asian genotype and from the same outbreak); each section and figure specifies the strain used in the specific assay. For virus propagation, C6/36 cells were grown to confluence at 28 ° C in Leibovitz's L-15 medium (Sigma-Aldrich Co., St. Louis, Mo., USA) supplemented with 8% FBS (PAA, Canada). We infected the cells in T-25 culture flasks and incubated them for 7 days at 28 ° C. The L-15 medium was replaced at day 7 and infected cells continued to be incubated until day 12, when supernatants were collected, and 250 μl aliquots were stored at -70 ° C to await further use. Supernatants from uninfected C6/36 cells were also collected at the same time point and used to treat our mock controls throughout the experiments.
Titrations of virus stocks were carried out in 90-100% confluent monolayers of C6/36 through immunohistochemistry assays. Briefly, serial dilutions of stocks were performed and interaction with cell monolayers in 24-well plates was allowed for 1 h. Cells were rinsed twice, then 1 ml of overlay medium containing 1% carboxymethyl cellulose was placed in each well. Cells were incubated at 28 ° C for 6 days, the overlay carefully removed, and cells fixed with a cold mix of 30% acetone-PBS. For immunostaining we used 4G2 (clone D1-4G2-4-15) monoclonal antibody (Millipore, Darmstadt, Germany) and a secondary anti-mouse IgG coupled to HRP (Invitrogen, Frederick, Md., USA). To reveal infection foci on cells, 3,3 ′ -diaminobencidine liquid substrate system (SigmaAldrich Co., St. Louis, Mo., USA) was used (online suppl. fig. 1 ; see www.karger.com/doi/10.1159/000446282 for all online suppl. material).
Cell Cultures and DENV Treatment
In this study we used cell line cultures (THP-1 cells, ATCC ® TIB-202 TM ) as well as cells obtained from peripheral blood samples. THP-1 cells were obtained from a promonocytic cell line derived from an infant with acute monocytic leukemia. These cells exhibit a promonocytic phenotype, grow in suspension, and express Fc and C3b receptors on the cell surface. First, THP-1 cells were allowed to grow for 1 week in suspension in RPMI medium (Sigma-Aldrich Co.) supplemented with 10% FBS (PAA).
Prior to infection with DENV, THP-1 cells were differentiated to monocyte-derived macrophages with a treatment that encompasses exposure to phorbol-12-myristate-13-acetate (PMA; = 1 μg/ml per 1 × 10 6 cells, Sigma-Aldrich) [19] . The reported protocol was modified according to our results; the final conditions were 72 h of PMA treatment followed by a 5-day resting period (37 ° C; 5% CO 2 atmosphere). According to our data, this treatment caused cells to become adherent and develop macrophagic characteristics at the morphological level and functionally to be more responsive, producing reactive oxygen species (ROS) (online suppl. fig. 2 ). According to the literature, this phenotype shows an increased expression of CD14 [19] , which probably make them more susceptible to DENV infection. All the cells used in these studies where differentiated with PMA. After treatment with PMA and incubation, cells were replenished with fresh media and after 3 more days were infected with DENV. Then 3 × 10 6 cells were placed in a culture plate and the course of infection was assessed using anti-NS1 (Clone DN3, Abcam) and anti-E clone 3H5-1 (Millipore) antibodies in indirect immunofluorescence and flow cytometry assays at 24, 48, and 72 h after the infection with DENV-2.
Briefly, for immunofluorescence assays, THP-1 cell monolayers from each time point were fixed with 4% paraformaldehyde and 3H5 antibody was used as a primary antibody and a goat anti-mouse IgG antibody coupled with FITC was used as a secondary antibody (Invitrogen). Cells were covered with Vectashield (Vector Laboratories Inc., Burlingame, Calif., USA) and slides observed in a Nikon fluorescence microscope. For flow cytometry assays, THP-1 cells were carefully detached from the plate surface using a cell scraper and fixed with 2% paraformaldehyde; 1% BSA in PBS was used to block for 1 h and then permeabilized using 0.1% Triton X-100. As a primary antibody anti-NS1 (clone DN3) was used as it was an IgG1 antibody, an irrelevant IgG1 antibody was used as an isotype control. A secondary antibody goat anti-mouse IgG coupled to FITC (Invitrogen). Cytometry data was captured in a FACScalibur.
Neutrophils were obtained from the peripheral blood of healthy volunteer donors using Vacutainer ® (BectonDickinson, San Jose, Calif., USA) tubes with EDTA; volunteers signed an informed consent to participate in the protocol approved by the Ethics Commission of the Escuela Nacional de Ciencias Biológicas. To separate cells, 5 ml of total blood was stratified on 5 ml of Polymorphprep TM (Axis-Shield PoC AS, Oslo, Norway), and neutrophils were obtained by gradient according to the manufacturer's protocol. From the polymorphonuclear band, cultures were prepared by placing 2 × 10 6 cells in each well of 6-well plates. After adhering to the plate surface, neutrophils were treated with each of the DENV serotypes separately at an MOI of 1. A mock group was included for each cell type as the negative control. Cultures were maintained with RPMI (Sigma-Aldrich Co.) containing 10% FBS (PAA, Canada) at 37 ° C in a 5% CO 2 atmosphere, and were collected after 2 and 5 h for the hDEFA analysis by RT-PCR.
The differentiated THP-1 cells were divided into three groups: the untreated control, the DENV-2 treatment, and the LPS treatment (100 ng/ml; the positive control). The confluent monolayers of THP-1 cells were infected with the previously reported DENV-2 YUC18500 strain [20] at an MOI of 1. Once treated, cultures were incubated at 37 ° C in a 5% CO 2 atmosphere and cells from each group were collected at 6, 12, 24, 48, and 72 h after treatment. Since neutrophils are short-lived [21] and there is no evidence that they become infected with DENV, we used short exposure times (2 and 5 h) for each of the DENV-2 YUC17438 treatments (MOI = 1) to examine hDEFA and LL-37 mRNA responses.
For the qRT-PCR assays, the medium was removed from each well and 500 μl of TRIzol ® (Invitrogen) was added. Cells were collected from each well in an Eppendorf tube, centrifuged, and stored at -70 ° C to await RNA extraction. For the microscopy assays, a pretreated and sterilized glass coverslip was introduced into each of the wells prior to culturing the THP-1 cells. At each point in time, coverslips were carefully removed from the culture plate, washed 3 times with PBS, and fixed at room temperature with 4% paraformaldehyde for 1 h. Then coverslips were stored at 4 ° C in PBS and the immunofluorescence staining was subsequently performed to detect hBD-1 and LL-37.
NBT Assay to Assess THP-1 Cells and Neutrophil Activation in the Presence of DENV
To determine DENV-mediated cellular activation in cells, an NBT (nitro blue tetrazolium) reduction assay was conducted to detect ROS. All assays were carried out in duplicate. Briefly, neutrophils were adjusted to a cell density of 5 × 10 6 cells/ml in glucose-PBS and 100 μl were placed in each well of a 96-well plate. First, neutrophils were separated and allowed to bind to the plate surface for 30 min; meanwhile, THP-1 cells were differentiated with PMA as previously described before the experiment. Then each assay was carried out in triplicate for the following treatments: basal (without treatment), PMA (1 μg/ml), and DENV-2 at an MOI of 1 for each cell type.
To establish whether or not the treatment with DENV had any effect on activation and ROS formation, we incubated neutrophils for each experimental group at 37 ° C for either 2 or 5 h, or THP-1 cells for 24 and 48 h in a 5% CO 2 atmosphere. Immediately after the corresponding incubation time, glucose-PBS was replaced by 40 μl of 0.2% NBT (Sigma) prepared in saline solution and cells were incubated for another 30 min. The solution was removed and replaced by 200 μl of lysis solution (0.08N NaOH dissolved in 10% SDS) and homogenization was carried out gently. Finally, absorbance values at 600 nm (OD 600nm ) were obtained in an ELISA plate reader and results graphed. This cell disruption method was standardized as an optimization to the initial protocol reported to quantify superoxide anion production in phagocytic cells [22] .
RNA Extraction, cDNA Synthesis, and Amplicons Total RNA extraction was carried out with Trizol according to the manufacturer's instructions. After extracting and resuspending the total RNAs (40 μl), they were treated with 1 U/μl DNase-I (Invitrogen) at room temperature for 15 min before being precipitated with isopropanol. For reverse transcription (RT), the RNA was quantified in a Nanodrop (Thermo Scientific, Redwood City, Calif., USA) and then 3 μg of total RNA were added with 0.5 μg of oligo-dT (Invitrogen) and incubated for 10 min at 70 ° C. The RT reaction included the following: 1× single strand buffer, DDT (0.5 m M ), 500 m M of each deoxynucleotide triphosphate (Invitrogen), and MML-V reverse transcriptase (200 U, Invitrogen). Each RT reaction was incubated for 1 h at 42 ° C to obtain cDNA. The PCR was performed using each cDNA and a commercial master mix with 1.5 m M MgCl 2 (Qiagen).
The β-actin gene (hACTB) was used as the endogenous control. The primers used for the RT-PCR of the AMPs (with exception of the hDEFAs) have been characterized elsewhere [23] . The corresponding sizes for amplicons were for hACTB (121 bp), hBD-1 (133 bp), LL-37 (251 bp), hDEFA-1 (125 bp), hDEFA-1 to -3 pool (164 bp), and hDEFA-4 (91 bp). All the primers that were used are listed in table 1 .
Quantitative Real-Time PCR and Data Analysis
The corresponding amplicons were obtained with synthesized cDNAs by qPCR reactions starting with 2 min at 50 ° C followed by 5 min of initial denaturation time at 95 ° C. Denaturation was followed by 40 cycles of: 15 s of denaturation at 95 ° C, 15 s of annealing at 60 ° C, and 15 s of elongation at 72 ° C. After all the cycles, 5 min of final elongation at 72 ° C was allowed. EvaGreen (Biotium) and ROX reference dye (Invitrogen) were used for reactions, which were run in a Step One Plus Thermocycler (Applied Biosystems). The analysis was performed with ddCt using hACTB to normalize data. The relative expression was calculated in relation to the mock-infected control using Step One V2.3 software.
Detection of hBD-1 and LL-37 by Immunofluorescence Assays
The cells fixed on the coverslip were permeabilized by incubating them with 0.2% Triton X-100 in PBS for 15 min. The coverslips were washed twice with Hank's balanced salt solution (HBSS) and blocked using BSA (5%) in PBS. To detect the presence of defensin hBD-1 and cathelicidin LL-37, cells were incubated for 2 h at 37 ° C with specific polyclonal antibodies for hBD-1 and LL-37 (Santa Cruz Biotechnology, Santa Cruz, Calif., USA). The cells were washed 5 times with HBSS. The secondary antibody conjugated to FITC was added and incubated for 90 min at 37 ° C, and then it was removed and slides were washed 5 times with HBSS. Finally, the stained preparations were mounted on slides using Vectashield-DAPI (Vector Laboratories) and examined with a confocal scanning system attached to an inverted microscope (LSM5, Pascal; Zeiss, Oberkochen, Germany).
Statistical Analysis
The data for each experimental group are presented as means ± SD. For statistical significance, the numerical data were analyzed using a two-way ANOVA test with GraphPad Prism software, version 5.0. A p value <0.05 was considered as statistically significant.
Results

Defensin hBD-1 Was Produced Early in Response to DENV in THP-1 Cells
To examine the expression level of mRNA coding for hBD-1 in the macrophage-like THP-1 cells treated with DENV-2 YUC18500, we performed qRT-PCR and indirect immunofluorescence assays. For cells treated with DENV-2 YUC18500 or LPS (positive control), as well as for the negative control, values were determined at 6, 12, fig. 1 ). Assays were also conducted to determine the expression levels of hBD-2 and hBD-3, but found no detectable levels in THP-1 cells under the current protocol. The analysis of hBD-1 mRNA by qRT-PCR showed a significant increase, compared to the negative control in the normalized expression levels at 24 and 48 h after treatment with DENV-2 YUC18500, similar to the LPS-positive control level at the same time frames ( fig. 1 ) . A greater increase was found for the DENV-2 YUC18500 group at 72 h (p < 0.05).
In indirect immunofluorescence assays, we observed an important presence of hBD-1 polypeptide after the treatment of THP-1 cells with DENV-2 YUC18500 and YUC17438, obtaining similar results with both viruses. Production of hBD-1 was evident at 48 and 72 h, when cells stained with the specific antibody anti-hBD-1-FITC showed a clear fluorescent signal ( fig. 2 ; online suppl. fig. 3 ). This defensin was detected at the earliest tested time point (6 h) in the LPS-positive control.
To establish the corresponding infection levels, we examined intracellular NS1 and E viral proteins levels in treated macrophage-like THP-1 cells ( fig. 3 ; online suppl. fig. 3 ). A consistent increment was observed in the NS1 protein from 24 h to the last assayed time of 72 h, evidenced by both flow cytometry and indirect immunofluorescence. According to the flow cytometry data for the NS1 protein, 14 ± 3% of the THP-1 cells showed infection at 24 h and up to 25 ± 4% showed infection at 72 h. The NS1 virus protein signal was clearly observed in immunofluorescence analysis in a few cells after 24 h.
The E protein signal in THP-1 in immunofluorescence was observed mostly at 48 and 72 h, although a slight signal was also detected 24 h after treatment with DENV-2. In addition, THP-1 cells clearly responded to DENV-2 stimuli by producing ROS as the NBT assay showed (online suppl. fig. 2 ).
THP-1 Cell Infection and hBD-1 Production after 3 dpi
The expression and production of hBD-1 in THP-1 cells was also examined for a longer period of time: at 3, 5, and 8 days after infection with DENV-2 YUC18500 with 3 used as a reference value. Production of hBD-1 was not found above 3 dpi, and there were no significant differences in hBD-1 levels between the control and DENVtreated cells: neither when using RT-PCR, nor in the immunofluorescence assays (online suppl. fig. 4 ). It is noteworthy that low basal production of the hBD-1 polypeptide occurred in all control groups.
Infection in THP-1 macrophage-like cells with DENV was verified by evaluating expression of the envelope (E) viral proteins and also the NS1 protein by flow cytometry protein at 24, 48, and 72 h as previously described ( fig. 3 ) .
Cathelicidin LL-37 Production in THP-1 Cells after DENV-2 Infection
To establish whether or not THP-1 macrophage-like cells responded to the DENV-2 stimuli by producing an AMP other than hBD-1, we proceeded to test the production of cathelicidin LL-37 at the same points in time. LL-37 mRNA expression was examined by qRT-PCR at 6, 12, 24, 48, and 72 h ( fig. 4 ) . A significant difference (p < 0.05) was observed between the mock control and the treatment with DENV-2 YUC18500 starting 6 h after infection, and this difference clearly declined at 72 h. No other differences between treated and mock control groups were observed later (data not shown). Confocal micros- 
Human Neutrophil Production of hDEFAs in Response to DENV-2
Although neutrophils are the most important producers of hDEFAs [24] , it has not been established whether or not these cells are infected by DENV. Therefore, an NBT assay was carried out to measure cellular activation in the presence of the virus, and PMA (1 μg/ml) was used as the control for neutrophil activation (online suppl. fig. 5 ). Compared to the negative control, a greater production of ROS was observed after the exposure of neutrophils to DENV-2, which was comparable to the values found with exposure of these cells to LPS. The LPS control showed 1.1 ± 0.1 units at OD 600nm , DENV-2 YUC17438-exposed cells from 0.8 to 1.2 units, and the basal control showed 0.15 ± 0.05 units in each case at OD 600nm .
We proceeded to challenge the neutrophils with DENV-2 to establish whether or not a differential expression of mRNAs for DEFAs existed. Since the life span of these cells is short [21] , we examined only early time points (2 and 5 h); we found differences in all examined mRNAs for hDEFAs in the presence of DENV-2 at 2 and 5 h. Finally, qRT-PCR experiments performed in duplicate showed significant differences in the mRNAs for all the examined hDEFAs (-1, pool -1 to -3, and -4) and cathelicidin LL-37 in DENV-2 YUC17438-treated neutrophils ( fig. 6 ). . LL-37 mRNA levels were analyzed at 6, 12, 24, 48, and 72 h after infection. The LL-37 data were normalized to the levels of expression of the internal gene hACTB. Relative expression in comparison with mock controls is shown. Significant differences from mock-infected cells were found up to 48 h after infection ( * p < 0.05; * * p < 0.001).
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AMPs in Response to DENV 
Discussion
AMPs are one of the primary mechanisms used by the innate immune defense against invading microorganisms, including viruses. It has been proven that these molecules target both enveloped RNA and DNA viruses [25, 26] . In both cases, the action mechanism of direct AMP activity involves pore formation, membrane disruption, and ion efflux. At the level of permeation, the AMP peptide sequence might involve a combination of AMPs. Other important factors are lipid composition in the targeted membrane and AMP concentration [27] . AMPs can act on pathogens at the extracellular milieu and in different cellular compartments, such as the phagolysosome [28] . In addition to their direct activity on pathogens, AMPs also play an important role in modulating the immune response [3, 29] . Although AMPs are known to be helpful in controlling viral infections, their function in regard to infection by DENV remains poorly understood.
Cells and tissues involved in the immune defense against pathogens are classic producers of AMPs. Defensins, for example, are found at their highest levels in the granules of neutrophils and macrophages, and these peptides are also released by leukocytes [30] [31] [32] [33] . It is clear that defensins participate in lessening the effects of some viral infections, including RSV, HIV, IAV, and HPV [6, 33] . Defensin-inhibiting activity occurs mostly at the viral entry step, although effects at other stages of infection have also been described [6] . Initially reported as herpes simplex virus type 1 neutralizers [30] , hDEFAs were later found to inhibit infection of macrophages by HIV through the upregulation of CC-chemokines [33] . Besides α-defensins, human cathelicidin LL-37 also shows an effective Color version available online antiviral activity, such as that reported against RSV in vitro [34] . Regarding DENV, information about AMP production in human cells is limited to reports on somatic cells, fibroblasts, and keratinocytes [35, 36] . We analyzed DENV-infected THP-1 macrophage-like cells since these cells represent a study model for human monocytes/macrophages. Monocytes in human blood are not only a central target for DENV, but they also carry out a significant role in the response to DENV infections [37] . We herein show changes in the production of hBD-1 in THP-1 cells, but were not able to detect alterations in any other β-defensins in this cell type. We also made an analysis at the mRNA and protein levels for LL-37 cathelicidin in monocytes. One report indicates that cathelicidins mediate vitamin-D 3 -dependent autophagy in human monocytes/macrophages [38] . Autophagy in monocytic cells is triggered by DENV.
The current results show changes in the production of LL-37 and hBD-1 AMPs by THP-1 cells, but no alterations were detected in any other β-defensins. THP-1 cells are differentiated to macrophage-like phenotype with PMA, which could alter results. It is important to point out the reach of this in vitro study, regardless of the value of the THP-1 cells in estimating some aspects of immune response [39] . In the present study, only a screening of mRNA levels and intracellular forms for these AMPs was assessed, but activity of the secreted peptides was not determined. Thus, we consider that future studies are still necessary to support our findings, including in vivo studies.
Surprisingly, we also found increased α-defensin levels in the presence of DENV-2. However, it must be considered that only mRNAs (not protein) expression was evaluated in the DENV-2-treated human neutrophils.
The role of these AMPs in immunomodulation may be particularly relevant in effector cells of the immune response, such as monocytes/macrophages and neutrophils. For example, depending on the concentrations of HNPs (also known as α-defensins) in neutrophils, there is a differential effect of cytokine production in monocytes. HNPs at a concentration of 10 -8 -10 -9 M can upregulate the production of TNF-α and IL-1β and downregulate that of IL-10 in monocytes preactivated with either PMA or Staphylococcus aureus . Interestingly, HNPs at a concentration higher than 10 -4 -10 -5 M produce a cytotoxic effect on monocytes [40] .
One important consideration when evaluating mRNA levels of AMPs is that genes coding for these peptides can be expressed constitutively and also get upregulated during infection. Moreover, gene regulation occurs mostly through signal transduction pathways involving NF-κB and NF-IL-6 factors [41] . In spite of lacking NF-κB-binding sites, the promoters of defensins (e.g. hBD-1) show consensus-binding sites for IFN-γ and NF-IL-6 in their promoter [42] . Thus, a more complete examination on regulation would include other factors such as the cytokines produced during DENV infections.
A very important consideration is that while epithelial cells constitutively express hBD-1, this AMP is upregulated in monocytes by LPS or IFN-γ. Prior results have clearly shown than hBD-1 has important mechanisms to prevent replication of enveloped viruses in immune cells. In that study, the authors examined the response of hBD-1 to HSV-1, influenza, and Sendai viruses in different cell types including monocytes, plasmacytoid dendritic cells, and epithelial cells in vitro and in vivo [43] .
The present data indicate that the production of AMPs is an early and rapid response to DENV by macrophagelike THP-1 cells and neutrophils in vitro, after the initial contact of the virus with THP-1 cells and several hours before a robust virus replication in these cells can be observed. We observed the production of LL-37 mRNA from 6 to 48 h, and hBD-1 mRNA from 24 to 72 h after infection. In THP-1 cells, hBD-1 production declines (at 3 and 5 dpi), this occurs right after virus antigen is found in a higher percentage of THP-1 cells at 72 h ( fig. 3 and online suppl. fig. 3 ). Here we found that DENV mediates neutrophils activation by triggering the respiratory burst (online suppl. fig. 5 ). Neutrophil expression of hDEFA mRNA increased at 2 and 5 h after challenge with DENV-2.
A more detailed study is necessary to establish AMP protein levels in neutrophils, and to understand the dynamics of DENV-induced AMP production in these cells. For example, HNP levels clearly increase upon contact with the influenza virus and modify the respiratory burst response [44] . The comparison of transcriptional signatures in early blood samples in Vietnamese patients revealed that the most significant difference between uncomplicated and dengue shock syndrome cases was the presence of several transcripts associated with neutrophils. The transcript levels, which included those of hDEFAs, did not seem to depend on neutrophil count [45] . This finding questions the central role of neutrophils in dengue pathogenesis since other neutrophil markers, such as elastase, have been found in children with severe dengue manifestations [46] .
The current results clearly show that THP-1 macrophage-like cells and neutrophils, soon after making contact with DENV, responded by producing AMPs. AMP production decreased after 72 h in THP-1 cells. However, an important limitation of the present study is that we examined an in vitro system. Further studies to determine whether or not AMPs have a beneficial effect against DENV infections in vivo are still necessary. It is clear that one mechanism used by pathogens to circumvent AMP activity is the modification of the lipid content of cells or phospholipid levels in cell membranes [28] . A recent report indicated that the lipid content is significantly altered during DENV infections [47] . It is important to establish whether or not these changes are exploited by DENV to circumvent AMP activity and successfully establish an infection.
